Our vision depends upon shifting our high-resolution fovea to objects of interest in the visual field. Each saccade displaces the image on the retina, which should produce a chaotic scene with jerks occurring several times per second. It does not. This review examines how an internal signal in the primate brain (a corollary discharge) contributes to visual continuity across saccades. The article begins with a review of evidence for a corollary discharge in the monkey and evidence from inactivation experiments that it contributes to perception. The next section examines a specific neuronal mechanism for visual continuity, based on corollary discharge that is referred to as visual remapping. Both the basic characteristics of this anticipatory remapping and the factors that control it are enumerated. The last section considers hypotheses relating remapping to the perceived visual continuity across saccades, including remapping's contribution to perceived visual stability across saccades.
INTRODUCTION: VISUAL CONTINUITY AS A RECONSTRUCTION
A painting by Georges Seurat (Figure 1a) can be used to illustrate a central feature of our vision: What we perceive is a reconstruction of the visual world. After nearly a century of analyzing visual processing, we know the sequence of steps involved in this reconstruction. The retina first breaks down the image falling on it (Figure 1b, left) into multiple elements such as luminance or color (Figure 1b , center, as summarized by Roska & Meister 2014) Reconstructing vision. (a) An example of a visual scene that must be reconstructed: A Sunday on La Grande Jatte by Georges Seurat. (b) The image of every part of the visual scene is broken down in the retina point by point into a series of elements representing multiple visual characteristics for each point. The output is then conveyed to the brain, particularly to the cerebral cortex, for reconstruction. (c) The same scene now showing the rapid saccadic eye movements by a subject examining the painting for three minutes. The black lines are the rapid saccades, and the blue dots are the intervening fixations. Saccades occurring three times per second produced displacements of the visual image on the retina so that the viewer should have perceived repeated jumps of the scene. But the viewer saw only a stable visual scene, which means that the visual continuity across saccades must be reconstructed by the brain. (d ) Saccades can be represented by vectors (white arrows), and each of the three successive saccades brings a new image, which is centered on the fovea (upper line) . If the vectors are known, they could be used to reconstruct the visual scene represented by the images at the end of each of the three saccades, a possible first step in reconstructing the visual scene. Panels a and c are adapted from Wurtz (2015) . Panel b is adapted from Roska & Meister (2014) . Panel d is adapted from Cavanaugh et al. (2016) .
CD: corollary discharge
into the brain. The image is reconstructed in the brain over a series of steps known only in outline, and what is reconstructed is what we perceive (Figure 1b, right) , which may not be exactly what is in the visual scene.
In addition to this well-known reconstruction of the retinal image is a less widely recognized second reconstruction that is required because of the continually changing images on the retina resulting from rapid or saccadic eye movements (Figure 1c) . The saccades, which are made several times per second, move the high-spatial-resolution fovea in the center of the retina from one object to another. After each saccade, there are a few hundred milliseconds with relatively little eye movement, and this fixation period is when we obtain our visual information. Our vision therefore consists of a series of images on the retina, interrupted by saccades that displace the image abruptly from one part of the visual scene to another.
In addition, we see only a fraction of the scene in detail with each fixation. Each saccade brings a new image onto the fovea, as shown in the upper line of Figure 1d , and if the vectors are known, the scene could be reconstructed as shown in the lower line of Figure 1d . The whole visual scene is never seen at the same time-only one image followed by a jerk of the eye, and then a different image in a repeating sequence. We must put together the series of images to reconstruct the continuous and stable visual scene we take to be our normal vision.
The goal of this review is to provide a summary of research on the neuronal mechanisms that might contribute to our visual continuity across the unrelenting sequence of saccades in normal vision. Visual continuity refers to the perceived smooth visual transition across saccades, including the perceived visual stability in spite of the image displacements produced by saccades.
The review is based primarily on studies in old world monkeys (Macaca mulatta) because the monkeys have a fovea and make saccades that are almost identical to those in humans and because they have visual brain structures and visual functions remarkably similar to those of humans (Felleman & Van Essen 1991 , Orban et al. 2004 . Relevant psychophysical studies in humans are also included, but several substantial topics such as microsaccades, pursuit eye movements, and motor control are not considered. Several related topics are treated more expansively in previous reviews (Wurtz 2008 , Sun & Goldberg 2016 .
A COROLLARY DISCHARGE FOR VISUAL CONTINUITY
As bewildering as the multitude of saccades in Figure 1c appears, we can simplify the problem by regarding each saccade as a vector that moves the fovea from one point to another (Figure 1d) . Obviously, such a vector representing the change in eye position must exist in the brain because it is necessary to produce saccadic eye movements. The question is, What neuronal activity provides information about that vector to other regions in the brain that underlie visual perception?
Such an internal copy of the saccadic vector has been hypothesized by many (Grusser 1995). Von Helmholtz (1896) in the nineteenth century made a specific proposal that an internal representation of the saccade could cancel the visual input produced by the saccade, and he referred to this internal signal as an "effort of will." After largely lying fallow for more than half a century, the internal signal was revisited in the middle of the twentieth century by Sperry (1950) , who, studying fish, referred to the signal as a corollary discharge (CD), and by von Holst & Mittelstaedt (1950) , who, studying flies, referred to it as an efference copy (see the sidebar titled Corollary Discharge). In Sperry's experiments, fish with one eye covered and the other rotated by 180
• swam in circles. Sperry concluded that he had inverted a motor signal projecting back onto sensory processing that led to the circling-essentially, a cancelation hypothesis like that of von Helmholtz.
COROLLARY DISCHARGE
In this review, corollary discharge and efference copy are used interchangeably. Corollary discharge (CD) has been chosen because most of the perceptual questions considered depend on a signal generated in the brain distant from the efferent path and directed to the highest levels in the brain. Reasons for preferring CD are also provided in other reviews (Poulet & Hedwig 2007 , Wurtz 2008 , Sun & Goldberg 2016 .
The idea of the CD is simple: A copy of the signal sent to motor neurons is also sent to other regions of the brain to inform them of the impending movement. For saccadic eye movements, Figure 2a shows a vector signal in the brainstem directed downward toward the oculomotor neurons, and a CD of that vector signal directed upward toward the cerebral cortex.
SC: superior colliculus

MD: medial dorsal thalamic nucleus
FEF: frontal eye field
A Saccadic Corollary Discharge Circuit in Primates
A prime candidate for such a sensorimotor region related to saccade generation in the primate is the superior colliculus (SC) on the roof of the midbrain. That SC contributes to generating saccades has long been established (Wurtz & Albano 1980 , Sparks 1986 . Neurons in the SC intermediate layers form an orderly motor map for saccade amplitude and direction and provide the downward-directed motor command that drives saccades.
These same SC neurons might also provide a CD of the saccade command to other brain areas. An anatomically identified pathway (Lynch et al. 1994) extends from the SC intermediate layers through the medial dorsal thalamic nucleus (MD) to the frontal eye field (FEF) in the frontal cortex. This pathway (Figure 2b ) has been shown to carry the vectors of the impending saccade to the cerebral cortex (Sommer & Wurtz 2002 , 2004a . The relation of this pathway to CD has been reviewed previously (Sommer & Wurtz 2008) , and here, only the three major findings need be repeated. First, the series of neurons in the pathway form a functional circuit; many neurons in MD that receive input from the SC saccade-related neurons project to FEF (Sommer & Wurtz 2004a) . Second, if this circuit carries a CD for saccades, the neurons should be active before saccades just as are SC neurons, and they are (Sommer & Wurtz 2004a) .
Third, if this circuit did carry a CD signal, inactivation should alter saccades that are dependent on a CD, and such dependence can be tested using a double-step task devised by Hallett & Lightstone (1976) . The inset in Figure 2c shows the two saccades that the monkey must makethe first, from the blue dot to T1, and the second, from T1 to T2. The targets were flashed briefly in succession in the dark and were gone by the time the saccade was made. The first saccade was visually guided to T1. The second saccade, if guided by a CD that provided the eye location after the first saccade, would be a vertical one to T2. The graph in Figure 2 shows that the second saccades in a normal monkey with the CD intact are vertical. In contrast, saccades made during MD inactivation are tilted (Sommer & Wurtz 2002 , 2004b . In this case, the direction of the saccade was closer to what would be expected for a saccade made from the original blue dot to T2, which indicates that information from the CD was reduced. This provides strong evidence for a CD contribution to the guidance of saccades.
The conclusion based on both the neuronal activity in the circuit and the effects of its partial inactivation support the conclusion that the circuit carries a CD signal from SC in the brainstem to FEF in the frontal cortex. The results show that CD is used to guide saccades, adding primates to the long list of species showing a CD contribution to the control of movement (Crapse & Sommer 2008) . Corollary discharge circuits and tests. (a) The corollary discharge (CD; upward arrow) conveys a copy of the movement command (downward arrow). Both originate from a sensorimotor area of the brain-in the case of saccades, from the superior colliculus (SC) on the roof of the midbrain. (b) A corollary discharge circuit extending from the saccade-related neurons in the saccade-related SC intermediate layers (SCi) to the lateral edge of the medial dorsal thalamic nucleus (MD) and then to the frontal eye field (FEF). The circuit conveys a CD signal that looks like the burst of activity in SC before saccades. (c) The double-step task used for identifying a CD for saccades by inactivation of MD. The inset shows the initial fixation point (blue dot), the sequentially flashed first target (T1), and the second flashed target (T2). On the graph, the blue dashed line indicates the average of the saccades in a normal monkey. The orange lines indicate the saccades after the GABA agonist muscimol was injected into the MD, at least partially blocking the transmission of the CD. Only the second saccades that were dependent upon knowing the end of the saccade from the CD were altered, which provides evidence that the circuit through MD does carry a CD. (d ) A circuit from the superficial visual layers of SC (SCs) to a region of inferior pulvinar (PI) to the middle temporal cortex (MT) of the visual cortex. This circuit conveys a CD-based saccadic suppression. Panel a is adapted from Cavanaugh et al. (2016) , panels b and d are adapted from Berman et al. (2016) , and panel c is adapted from Sommer & Wurtz (2002) . Abbreviation: NSD, not significantly different.
A Corollary Discharge Contribution to Perceptual Continuity in Humans
The next question is whether there is evidence that the CD contributes to perception. A task that can be used to address this issue for human visual perception was developed by Deubel and his collaborators (Deubel et al. 1996 (Deubel et al. , 1998 . The goal was to have the subject report the location of an object just after a saccade and to do so when there were no other visual reference points available besides the final saccade location. In this task, the subject first fixates on a spot on a screen, and Determination of perceived target location with and without a corollary discharge (CD). (a) The behavioral task was modified from a task used for humans (Deubel et al. 1996 (Deubel et al. , 1998 a saccade target spot then appears (Figure 3a, ). After the saccade to the target spot starts, the spot was turned off and then reappeared at a nearby location (Figure 3a, ). The displacement was not perceived because the threshold for detection of displacement is elevated during saccades (Bridgeman et al. 1975; Li & Matin 1990a,b) . After the saccade landed at the original target location, the subject indicated the perceived direction of the displaced target spot by turning a bar (Figure 3a, ). Over a series of trials, saccades were made to targets either to the left (as in Figure 3a ) or to the right of the original fixation point, and the target spot was displaced either forward or backward (as in Figure 3a ) relative to the direction of the saccade. Psychometric functions for saccades to the left and right indicated the size and direction of the target displacement (abscissa in Figure 3b ) versus the subject's report of the spot displacement (ordinate in Figure 3b ).
The point on the curve where the perceived spot displacement was forward on 50% of the trials was taken as indicating the subject's perception after the saccade of the original target location. It was usually close to the zero point for normal subjects, the original location of the target (Figure 3b ). Note that this was a report of the perceived target location, not a report of where the saccade ended (circle in Figure 3b ).
SACCADE DEFICITS FOLLOWING THALAMIC STROKES IN HUMANS
Behavioral tests show that changes in saccades consistent with impairments of a CD can follow thalamic lesions (Gaymard et al. 1994; Bellebaum et al. 2005 Bellebaum et al. , 2006 Ostendorf et al. 2010 Ostendorf et al. , 2013 . The identification of the CD circuit in monkeys that passes through the region of the medial dorsal thalamus led Ostendorf et al. (2010 Ostendorf et al. ( , 2013 to separate patients with damage to that region into those with and without saccade deficits, using a test for perceived eye direction, as in Figure 3 . Those with no saccade deficits depended upon CD for perception rather than any retinal error between the saccade end and the target, just as monkeys did for errors above 0.5
• ( Joiner et al. 2013) . In contrast, patients who did not make normal saccades did not use the CD but relied on saccadic errors to make decisions just as did normal monkeys making saccades with errors less than 0.5
• . The effects of thalamic strokes in humans become understandable after identification of a functional circuit through the thalamus was identified in monkeys.
Collins et al. (2009) went on to show that a subject's perceived location of a displaced target was at its actual location. This report was also independent of the normal variation of saccade end points. The CD (or possibly a proprioceptive signal-as discussed in the section titled Corollary Discharge and Proprioception) therefore provided the target location and thus gaze direction. Furthermore, when the amplitude of the saccades was changed using standard adaptation procedures (McLaughlin 1967) , the perceived location of the target changed to match the amplitude of the adapted saccade. This finding, verified by Klingenhoefer & Bremmer (2011) , shows that the CD is a copy of the planned saccade, normal or adapted.
There is, however, a threshold for use of the CD to determine target location. Subjects reported no change in displaced target location if the displacements fell within an ellipse around the target (approximately 3
• in the saccade direction and 1 • in the orthogonal direction) (Wexler & Collins 2014) . Only for saccades outside the ellipse was a change recognized and localization derived from the CD. In monkeys, a similar division was found; a CD provided perceived location but only for errors greater than about 0.5
• ( Joiner et al. 2013) . Therefore, for both humans and monkeys, the CD was used to determine object location after a saccade but only when the location change was above a threshold. Thalamic strokes in humans can also change this use of the CD (see the sidebar titled Saccade Deficits Following Thalamic Strokes in Humans).
Testing the Corollary Discharge Contribution to Perceptual Continuity in Monkeys
While there is strong evidence that the CD in monkeys contributes to motor control (Bays & Husain 2007) or target selection (Zirnsak & Moore 2014) , there is little, if any, evidence that the CD in monkeys contributes to perception (Higgins & Rayner 2015) . Such evidence of a CD contribution has recently been obtained for monkeys by using the same basic tasks just described for humans ( Joiner et al. 2013 ). In the normal monkey, the null point of the psychometric function indicating the perceived target location was close to zero (Figure 3c) . If the CD relay in MD contributed to the monkey's perception of target location, then inactivating MD should change that perception; the CD vector should change while leaving the vector driving the saccade intact. Figure 3c shows that, after inactivation, the perceived location was displaced (Cavanaugh et al. 2016) , indicating that the CD does contribute to the monkey's perceived target location and thus its gaze direction. (This observation also has implications for the pathophysiology of schizophrenia; see the sidebar titled Reduced Corollary Discharge Contribution in Schizophrenia).
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REDUCED COROLLARY DISCHARGE CONTRIBUTION IN SCHIZOPHRENIA
Possibly the most unexpected benefit of understanding the CD circuit in the monkey has been the support it offers for a long-standing hypothesis related to schizophrenia. Feinberg (1978) proposed that the illusion of many schizophrenic patients that someone else is producing their movements might result from an impaired CD that ordinarily provides internal reports on their own movements. The CD circuit found in monkeys would provide an appropriate CD since it targets frontal cortex, a key brain area related to schizophrenia (Weinberger & Berman 1996) . Several recent studies by colleagues (Rosler et al. 2015, Thakkar et al. 2015) have shown that schizophrenic patients do have deficits in the two tasks that identify CD: the double-step task testing for CD contribution to saccades, and the perceived eye direction task testing for a contribution to visual perception, recently reviewed by Thakkar et al. (2017) . Identification of CD in monkeys has provided a functional brain circuit for a hypothesis on human disease.
The answers to a few added questions clarify these results. The first question is whether the perception changed or saccade amplitude changed. Variations in saccade end points between inactivation and control trails were similar to those between control trails themselves (Cavanaugh et al. 2016) . As expected, inactivation did not alter the saccade itself. Second, do changes in proprioception contribute to the changes in perception? To do that, eye muscle contraction must have changed, and this would occur only if saccades changed, which they did not.
A final question is whether vision might also have been used. Vision was not a factor in the experiments because they were done in total darkness, using laser spots rather than a monitor screen. But in normal lighted conditions, vision might take over from CD via the visual capture described by Matin et al. (1982) . This was not the case; repeating the inactivation experiments in the light with patterned visual stimulation did not improve the monkey's decisions (Cavanaugh et al. 2016 ). This does not mean, however, that vision might not be used under other circumstances (Gibson 1950) . For example, an experiment on humans under natural conditions (Ostendorf & Dolan 2015) showed that the optimal perceptual decision was produced by a weighted integration of both retinal and extraretinal information.
These experiments show that inactivation of the CD alters the monkey's perceived location of targets after saccades and thus its gaze direction. This alteration can be independent of changes in saccade amplitude, proprioception, or vision, indicating that this localization is derived from a CD. The CD seems to have been co-opted to serve visual perception in addition to its role in sensorimotor control (Crapse & Sommer 2008 , Mendoza & Merchant 2014 .
Corollary Discharge and Proprioception
The apparent lack of a contribution of proprioception to object location at the end of the saccade does not imply that it makes no contribution to visual continuity. The CD provides the change in eye position. Over a series of saccades, errors could accumulate (Collins 2010 , Sun & Goldberg 2016 , and Poletti et al. (2013) showed in a model that the final perceived eye location over a series of saccades is better predicted by including proprioception in addition to CD.
The contribution of CD and proprioception, however, might be complementary (Sun & Goldberg 2016) . The effect of the CD anticipates the saccade and therefore is available at or before the end of the saccade. Proprioception becomes available no sooner than about 60 ms after the saccade (Wang et al. 2007 ) and might not provide location information until 150 ms after the saccade (Xu et al. 2012 ). Thus the effects are sequential. At the end of the saccade, CD provides the change of eye position; by the end of the fixation period, the position information results from both CD and proprioception.
A Second Corollary Discharge Circuit: Saccadic Suppression and Omission
Perception of visual continuity across saccades cannot be fully understood without taking into account neuronal mechanisms that block perception of the blurred image during saccades (saccadic suppression) and even the perceived duration of blur (saccadic omission). Here, we consider briefly the possible roles of CD and several other current hypotheses. Earlier work was reviewed previously (Wurtz 2008) , and there are several other reviews (Macknik 2006 , Ibbotson & Krekelberg 2011 , Higgins & Rayner 2015 .
Early experiments on CD in SC had shown that background activity and visual stimuli were suppressed during saccades (Goldberg & Wurtz 1972 , Robinson & Wurtz 1976 and that the suppression resulted from CD and not proprioception (Richmond & Wurtz 1980) . More recently, a pathway showing neuronal suppression was found by Berman et al. (2016) . This pathway extended from visual neurons in SC superficial visual layers through the inferior pulvinar (PI) to the middle temporal cortex (MT) (Figure 2d ). This pathway has been shown to be a circuit (Berman & Wurtz 2010 by the use of the same orthodromic and antidromic methods used to establish the pathway to frontal cortex (Figure 2b ). The major difference between these circuits is that the circuit to FEF is from saccade-related neurons of the SC intermediate layers and carries the saccade-related CD, whereas the circuit to MT is from the SC superficial visual layers and carries the suppressive effect of the CD on visual activity, not the CD itself.
In the CD to MT circuit, the suppression (starting before the saccade) is seen at about the same time along the circuit (SC visual neurons, PI, and MT), suggesting that it might carry suppressed activity to MT. One hypothesis is that the suppression in SC visual neurons results from an input from the SC saccade-related neurons through an inhibitory interneuron, a connection that has been identified in rodents (Lee et al. 2007 ). This received support from experiments in one monkey that showed reduction of suppression in MT with inactivation of the saccade-related neurons in SC (Berman et al. 2016) .
While saccadic suppression reduces the blur during saccades, it does not explain the lack of awareness of a break in perception during the saccade, referred to as saccadic omission by Campbell & Wurtz (1978) , which was originally described by Matin et al. (1972) and recently studied with objective measures (Bedell et al. 2010 , Duyck et al. 2016 . While the original proposal was that the omission could result from visual masking, both masking and CD could be contributing (Bedell et al. 2010) . A second hypothesis about a possible mechanism is based on a visual illusion. Watson & Krekelberg (2009) found that during fixation, a line flashed before a circle produced a perceived ellipse. When the line was flashed in the 75 ms before the saccade, the line was not seen, but the ellipse (the consequence of the line interacting with the circle) was still seen. They suggested that saccadic omission might result from inactivation of some levels of conscious visual perception but not levels such as those that support the illusion. A third mechanism for saccadic omission could result from the fusion of the modified presaccadic stimulus with that of the postsaccadic stimulus (Mirpour & Bisley 2012 .
COROLLARY DISCHARGE-BASED NEURONAL CIRCUITS FOR VISUAL CONTINUITY
A potential neuronal mechanism that could underlie visual continuity across saccades has been identified in the parietal cortex. This activity anticipates the onset of a saccade and is referred to as visual remapping. 
LIP: lateral intraparietal cortex
RF: receptive fields
Anticipatory Remapping of Receptive Fields
This anticipatory remapping activity was first identified in the lateral intraparietal cortex (LIP) by Duhamel et al. (1992) , and is illustrated by an experiment taken from subsequent work in FEF (Figure 4a) . As indicated on the time line across the top of Figure 4a , while the monkey fixated, two probes were flashed. The first was flashed in the location of the neuron's current receptive field (RF), and the second was flashed just before a saccade in the location the RF would occupy after the saccade (the future RF). In the left column of Figure 4a are the responses to the probe in the current RF, in the future RF, and in the absence of the probe. In the right column of Figure 4a are the same responses but now aligned on saccade onset. If a probe stimulus was flashed when the monkey fixated, the probe in the current RF produced a response, but the probe in the future RF did not, as would be expected, because that flash was outside the neuron's current RF. In contrast, if the probe was flashed in the future RF just at the time of the saccade, there was visual activity in the future RF and none in the current RF. In this neuron, the visual response shifted just before the saccade from the current RF to the future RF. The surprise is that this visual activity was to a stimulus far outside of the neuron's RF. Or to put it another way, there is input from neurons at the location of the future RF back onto the neuron whose current RF activity was recorded.
The activity of this neuron acted as if it were anticipating that the probe was going to fall into the future RF even before the saccade onset.
This anticipatory activity requires both the stimulus and the saccade (Duhamel et al. 1992 ). When the monkey looked at the fixation point and no saccade was required, flashing a stimulus in the future RF produced no change of activity. When saccades were made without any future RF stimulus, there was also no change in activity. Thus, the activity is a conjunction: The stimulus must be in the future RF, and the saccade must bring the current RF into the future RF.
The remapping is synchronized to the saccade (Kusunoki & Goldberg 2003); although, the timing of the onset and offset of the activity varies substantially from neuron to neuron (Sommer & Wurtz 2008) . The relation of saccade and remapping becomes clearer if the neuronal activity is aligned on the saccade end (Figure 4b) , as shown in subsequent experiments in LIP by Mirpour & Bisley (2016) . The LIP neuron's response to a target stimulus (T) or a distractor stimulus (D) clearly begins to fall near the saccade end in the current RF (Figure 4b, top) as the activity at the saccade end rises in the future RF (Figure 4b, bottom) . Duhamel et al. (1992) in their initial report suggested that the shifting RFs might provide a mechanism for a remapping of the visual field with each saccade. The term remapping refers to the process of shifting the spatial location of a neuron's RF (the current RF) with respect to the fixation point, to a location that is the same with respect to the new fixation point after the saccade (the future RF). The central point is that the remapping is anticipatory; the neuronal activity to the stimulus in the future RF begins before the saccade brings the current RF onto the future RF. In brief, this anticipation allows the same image to be on the RF both before and after the saccade so that the transition from one to the other occurs without disruption.
This remapping has been found in many regions of the brain. It was first found in parietal area LIP by Duhamel et al. (1992) (Yao et al. 2016) . In each of these areas, remapping is never observed in all the neurons but in just a fraction of them, and there is a continuum in the vigor of the remapped activity across the population of neurons. The characteristics of remapping have been previously reviewed (Colby et al. 1995 , Colby & Goldberg 1999 , Melcher & Colby 2008 , Wurtz 2008 , Hall & Colby 2011 , Marino & Mazer 2016 , Sun & Goldberg 2016 .
Is Remapping Dependent Upon Corollary Discharge?
Remapping requires an input that is synchronized to the upcoming saccade, is available before the saccade, and provides the vector of the saccade. The saccadic CD provides this information, which makes the CD the critical component of remapping. Without the vector information before the saccade, it would be impossible to align the future RF with respect to the target in the same way the current RF is aligned to the fixation point. The dependence of remapping on a CD has been tested experimentally by inactivating the CD circuit in MD and testing for changes in FEF neurons that show remapping (Sommer & Wurtz 2006) . During inactivations of the CD in MD, the remapping in FEF was disrupted, which showed conclusively that the remapping in FEF was dependent on the CD (Sommer & Wurtz 2008) .
A salient point is that this remapping provides a mechanism quite different from that of the classic cancellation hypothesis, which envisions the CD of movement output canceling the consequent visual input ( this classic cancellation mechanism has not been common in the primate saccadic system in large part because saccadic activity and the consequent visual activity have very different firing patterns and time courses. Instead, remapping uses the CD vector to predict the location of visual activity on a retinotopic map before the eye starts to move. The concept that connecting corresponding parts of a map before and after the saccade provides a framework for perceptual continuity that had not been previously contemplated.
In summary, remapping uses a CD to anticipate the visual consequences of the upcoming saccade, and it accomplishes this by acting on the retinotopic maps in many visuomotor regions of the brain. The next sections address questions about the characteristics of remapping derived largely from experiments in LIP and FEF. Understanding these characteristics will shape the role envisioned for remapping in understanding visual continuity.
Is Remapping Limited to Visual Field Areas, Saccade Directions, and Stimulus Characteristics?
Remapping in LIP is not limited to a region of the visual field or to the direction of the saccade. The original remapping experiments assumed that LIP activity was not tightly tuned to stimulus characteristics. This view changed with the finding by Sereno & Maunsell (1998) that stimulus shape was recognized by LIP neurons. Subramanian & Colby (2014) subsequently used the Sereno and Maunsell stimulus set to show that LIP neurons showing remapping were sensitive to the shape of the stimulus as well as to its spatial location. Peng et al. (2008) found that many FEF neurons were sensitive to shape, and Crapse & Sommer (2012) verified that many were sensitive to stimulus location.
If remapping were to make a contribution to visual continuity across saccades, it would have to be present throughout the visual field and for all directions of saccades, and the evidence indicates that it is. The remapping would also require some specificity for the visual objects and their location, and from current evidence, that also is the case.
Does Remapping Depend on Attention?
A central characteristic of remapping is its inextricable relation to attention (see review by Berman & Colby 2009) . The relationship of attention to remapping was first shown in LIP by Gottlieb et al. (1998) . They found that stimulus onset, which captures attention and was usually present in the remapping experiments, produced strong future RF activity. When there was no such stimulus onset attention, the future RF activity was reduced. Competing stimuli, which should reduce the saliency of RF stimuli, also reduced remapping activity in FEF ( Joiner et al. 2011 ).
Bisley and Goldberg provided evidence that LIP has a priority map for spatial visual attention (Bisley & Goldberg 2003 Zelinsky & Bisley 2015) . Mirpour & Bisley (2016) investigated the effect of such a priority map on remapping activity of a target compared to that of a distractor (T compared to D in Figure 4b) . If a neuron's activity level was higher with the T stimulus before the saccade (Figure 4b, top) , the activity of that T stimulus was usually also higher in the future RF (Figure 4b, bottom) . Thus, the attentional modulation is incorporated into the remapping (Mirpour & Bisley 2016).
The effect of attention is particularly striking in MT, where Yao et al. (2016) showed limited remapping when using random dot stimuli in the future RF. When the monkey attended to such a stimulus inside an MT neuron's RF, this top-down attention produced a significantly greater remapping activity. Be it a priority map or circumscribed top-down attention, both improve remapping.
Human psychophysical experiments reinforce the relation of attention and remapping (Cavanagh et al. 2010 , Rolfs 2015 . Cavanagh et al. (2010) proposed that the mechanism underlying the remapping was a shift of attentional pointers to objects of interest. Although this approach may have limitations (Mayo & Sommer 2010) , the proposal emphasizes the tight connection between attention and remapping (Rolfs & Szinte 2016) . For example, Jonikaitis et al.
(2013) asked subjects to fixate and then to report a change in orientation of a tilted bar at a cued location (which, for comparison with the neuronal studies, would be at the current RF). A second salient stimulus attracted attention to the RF location after the saccade (the future RF). When subjects made saccades that would bring the current RF to the future RF, their ability to discriminate the orientation of a stimulus at the current RF increased just before the saccade. The experiment demonstrates that attention shifts in humans are closely associated with better discrimination in ways consistent with the remapping seen in monkeys (Rolfs & Szinte 2016) .
Other aspects of these psychophysical experiments are reported in a series of experiments (Rolfs et al. 2011 , Szinte et al. 2012 . Furthermore, evidence from human functional magnetic resonance imaging and transcranial magnetic stimulation studies indicates that cortical activity changes in ways consistent with attention and remapping, as shown by, for example, Merriam et al. (2003 Merriam et al. ( , 2007 and Morris et al. (2007) .
In summary, for both neuronal recordings and parallel psychophysical experiments, attention enhances the strength of the remapping.
Finally, it is worth noting that remapping might also contribute to other established psychophysical observations, including attentional inhibition of return (Posner & Cohen 1984 
What Is the Circuit Underlying Remapping?
A major challenge is to determine the organization of neuronal connections underlying remapping. Sommer's laboratory (Rao et al. 2016a,b; Shin & Sommer 2012) has addressed this question by comparing the activity of FEF output neurons in layer V (identified by antidromic stimulation of FEF output to SC) to neurons in layer IV (identified by orthodromic stimulation of input from SC). They found that layer V neurons showed the full cycle of remapping activity: a decrease of current RF responses and increase of future RF activity during the saccade. In contrast, in layer IV, none of the neurons showed the changes in activity in both the current and the future RFs.
The possible circuitry between brain areas remains a matter of conjecture. One intriguing possibility is that FEF receives the CD from SC (Sommer & Wurtz 2004a) , performs the remapping, and then passes it on to LIP, which contributes a priority map (Bisley & Goldberg 2010) . Given the substantial reciprocal anatomical connections between FEF and LIP (Selemon & Goldman-Rakic 1988 , Andersen et al. 1990 , and the similarity in neuronal activity and inactivation effects in a working memory task (Chafee & Goldman-Rakic 1998 , 2000 , the assembly of remapping might depend on contributions from both areas, with the assembly occurring in parallel. Other possibilities are that FEF constructs the remapping and passes that on to other areas (Rao et al. 2016a) or that remapping is assembled in all the areas showing remapping.
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A few specific puzzles remain. The first is whether the current RF is related to the future RF by a transfer of activity from one area to another, as reported in FEF (Sommer & Wurtz 2006) or by an RF expansion, as observed in LIP (Wang et al. 2016) . A second puzzle is why only a subset of neurons show remapping activity. Finally, probably the major puzzle is how the transient connections between neurons representing the future RF and those representing the current RF are established. One clue is from V4 where the linking of activity in the current RF and future RF is indicated by alpha coherence between the two locations at the time of the saccade (Neupane et al. 2017) . At this point, the best guesses about this issue and about a number of other computations are addressed (but not necessarily answered) in models on remapping (Quaia et al. 1998 , Hamker 2004 , Keith & Crawford 2008 , Rao et al. 2016b ).
Can Forward and Convergent Remapping Be Distinguished?
Remapping seems to be dependent on the current RF and future RF being in the same location with respect to the fixation point and the target point, respectively. Recent studies by Zirnsak & Moore (2014) on FEF tested this tenet by systematically placing visual stimuli at a series of locations on trials when the monkey made a saccade. They found that the area producing a visual response in a future RF frequently shifted in a direction not parallel to the saccade but skewed toward the saccade target. Instead of forward remapping (future RF aligned with current RF), they found convergent remapping (future RF shifted toward the saccade target), using the terminology of Marino & Mazer (2016) . Such convergent remapping had also been reported in V4 by Tolias et al. (2001) . For considering the contribution of remapping to visual continuity, this is obviously a critical issue.
Subsequent investigations have found both forward and convergent remapping in V4 (Neupane et al. 2016a,b; Hartmann et al. 2017) , and results are almost certainly related to how the experiments were done (Neupane et al. 2016a,b) , which is discussed by Rao et al. (2016a) .
The evaluation of the remapping by Neupane et al. (2016a,b) systematically varied locations of a brief visual probe and found that forward remapping occurred with saccades in all directions, as would be expected from the established finding that remapping occurs with any saccade direction. Convergent remapping was found for probes near the saccade target and primarily with saccades made into the visual hemifield containing the neuron's RF. This raised the possibility that a factor in convergence is attention directed to the saccade target. A subsequent experiment in V4 by Hartmann et al. (2017) also found both forward and convergent remapping, but a major remaining difference between the studies is the timing of future RF activity.
The most important conclusion is that both forward and convergent remapping can be demonstrated, depending on the organization of the experiment. At this point, there is no reason to abandon the forward remapping hypothesis and its implications for perceptual continuity.
Does Future Receptive Field Activity Match Postsaccadic Retinal Input?
So far, we have compared the activity in the current RF to that in the future RF to evaluate a contribution of remapping to visual continuity. But there is another comparison that should also be made: the similarity of the visual activity in the future RF before the saccade to the visual activity from the stimulus falling on the new RF after the saccade. Both are from stimuli at the same retinotopic location, one before and one after the saccade. Mirpour & Bisley (2012 compared the future RF activity just at the end of the saccade with the incoming retinal activity at the new RF at about 150 ms after the end of the saccade. They found the level of activity in the two periods to be highly correlated for LIP neurons. This similarity of the visual responses fits well with what would be required for neuronal mechanisms underlying visual continuity.
In summary, visual remapping provides a neuronal mechanism that anticipates the shift of the image on the retina with each saccade. Two characteristics are salient. First, the remapping is synchronized to the saccade and requires the information expected from a CD. This expectation is confirmed by the disruption of neuronal remapping in FEF following even partial inactivation of a CD directed to FEF. Second, the remapping is also embedded in vision; it is present for all saccade directions and all regions of the visual field tested, is related to similar stimuli before and after the saccade, and is intertwined with spatial visual attention.
CONCLUSION: THE NEURONAL BASIS OF VISUAL CONTINUITY
Given the findings that a CD in the monkey contributes to visual perception, and that CD driven remapping provides a possible underlying neuronal mechanism for that perception, it is useful to consider specific hypotheses related to how these observations are related to visual continuity. Figure 5 shows the hypothetical activity of two neurons at the time of a saccade to illustrate how neuronal remapping could produce perceptual continuity across saccades. During fixation (Figure 5a ) neuron 1 has the image of a blue jay falling on its RF and neuron 2 has the image of a cardinal falling on its RF. The location of the current RF of neuron 1 is just above the fixation point, and the RF of neuron 2 is in a similar location with respect to the saccade target point, at the future RF location of neuron 1.
A Summary Hypothesis for Perceptual Continuity
There is no active connection between the two neurons; both convey what is falling on their RFs. In Figure 5b , when the monkey is preparing to make a saccade, the CD of the upcoming saccade becomes available, and the location of the future RF can be determined. The key point is that the two neurons are now functionally connected, as indicated by the arrow, and there is input from neuron 2 to neuron 1. This connection starts to convey the image of the cardinal from neuron 2 to neuron 1, as schematically indicated by the pink tint of the blue jay image. Figure 5c shows the images near the end of the saccade. The RF of neuron 1 now has the cardinal image derived from the cardinal image on the RF of neuron 2. The image in the current RF of neuron 1 and the image in its future RF are now so similar that the saccade moves the same image from one neuron to the next. This produces a smooth transition across the saccade, and it is this smooth transition that is essential for visual continuity.
The same smooth transition could also eliminate any saccadic omission (the time between the offset of the current RF image and the onset of the second RF stimulus) because the smooth transition leaves no gap in time between one image and the other. Finally, any residual blur is removed by saccadic suppression, from a CD and/or from visual masking.
While this is an illustration for neurons related to just one tiny fragment of the visual field, neurons with RFs throughout the visual field would show the same remapping. All this remapping would be guided by a single CD vector simply because there is only one saccade that affects all visual areas. The timing of the remapping would also be linked to the time of the saccade so that the smooth transition from presaccadic to postsaccadic images would always be over a narrow perisaccadic time period for all remapping neurons. In net, visual continuity results from the smooth transition from one visual field map in retinotopic coordinates to another map also still in retinotopic coordinates.
In contrast, for a neuron that did not show remapping, no functional connection would be made between the neurons, and at the end of the saccade, the current RF image would still be a blue jay Speculative illustration of the possible contribution of remapping to visual continuity. In the left column, neuron 1 represents a neuron with a blue jay in its current receptive field (RF), and in the right column, neuron 2 represents a neuron with its RF at the location of the future RF of neuron 1. Neuron 2 has a cardinal in its receptive field. The activity of the neurons is indicated (a) during fixation, (b) at the start of the saccade, and (c) at the end of the saccade. See the text for the sequence of changes from fixation to saccade. Abbreviations: FP, fixation point; TP, target point.
and the future RF image would still be a cardinal. This transition is abrupt and is what would be expected from successive retinal images produced by saccades in the absence of remapping. In summary, this hypothesis offers possible neuronal mechanisms, both CD and remapping, to produce a smooth transition of images from one fixation to the next, which in turn could contribute to our perceived visual continuity.
Considering Hypotheses for Perceptual Stability
The neuronal mechanisms related to remapping provide not only a promising explanation of perceptual continuity across saccades (as outlined in Figure 5 ) but also a possible mechanism for understanding another component of that continuity, our perceived visual stability in spite of the image displacements produced with each saccade. To maintain such stability, localized objects before the saccade must be recognized as the same objects after the saccade. Remapping provides the prediction about the object after the saccade. This prediction could integrate what is at a specific location (with respect to the point of fixation) before and after the saccade.
While there is no direct evidence that visual stability is provided by remapping, recent psychophysical experiments have shown transsaccadic integration that is consistent with the remapping hypothesis. Contrary to previous reports that fusion of images across saccades is very limited or that it is probably due to memory [see a summary of studies in Paeye et al. (2017) ], several recent studies have shown that even peripheral views and foveal views of the same stimulus can be fused across saccades (Ganmor et al. 2015 , Wolf & Schutz 2015 . A subsequent study by Paeye et al. (2017) showed transsaccadic fusion by using simple stimuli, with the one after the saccade being slightly displaced from the one before the saccade and of lower contrast. This experiment, however, required a precision of stimulus location unlikely to be encountered in the real world. But such precision was not required in a similar experiment (Shafer-Skelton et al. 2017) in which subjects recognized Gabor and face stimuli as having the same features more readily when they were presented in the same location before and after the saccade. Shafer-Skelton et al. (2017) found that the improved recognition also occurred in retinotopic coordinates, as expected with remapping. An experiment that showed that motion before a saccade altered a motion illusion after the saccade also used large motion stimuli not requiring precise positioning and was present in retinotopic coordinates (and in spatial coordinates as well) (Fabius et al. 2016) .
The combination of the anticipatory remapping mechanism and the demonstration of transsaccadic fusion in psychophysical studies provides psychophysical evidence consistent with the hypothesis that a neuronal remapping mechanism contributes to maintaining visual stability across saccades.
Two other hypotheses related to visual stability should also be noted. First, MacKay (1972 , 1973 argued that saccades should be regarded as asking a question: Is the image of objects on the fovea after a saccade what was expected before the saccade? If the answer is yes, as it usually is, a null hypothesis is confirmed and the scene is assumed to be stable. If the answer is no, either because of the variation in saccadic endpoints or because of actual differences in either the target itself or adjacent landmarks (McConkie & Currie 1996 , Deubel et al. 2010 , Higgins & Wang 2010 , then the world is assumed to have moved. Ignoring the expected scene changes following a saccade is simply built into the system (see the sidebar titled Use of Bayes Theorem). At this point, however, this is a conceptual approach; any neuronal basis of this high-level theory remains obscure.
Second, a classical explanation of visual stability is that information in retinotopic coordinates is converted into world-centered or spatiotopic coordinates and that this spatiotopic map is updated
USE OF BAYES THEOREM
The null hypothesis can be stated more precisely by using Bayes theorem; the null hypothesis would be regarded as a setting of the prior. Furthermore, modeling experiments using the Bayesian approach have shown that optimal transsaccadic integration would be expected to produce the saccadic suppression of displacement (Niemeier et al. 2003 ) and the displacements missed in change blindness (Niemeier et al. 2002) . Rao et al. (2016b) also showed a close connection between priors about objects before the saccade and the perceived visual continuity with the saccade.
with each saccade. One proposal depends on the gain fields in the parietal cortex whose visual response is modulated by eye position. These neurons, first reported by Andersen & Mountcastle (1983) , do not represent a spatial map, but such a map could be derived from them. Emerging evidence, however, indicates that the modulation of parietal neurons with eye movements occurs too late to make a contribution to visual continuity and visual stability (Xu et al. 2012 ). Another possibility is that neurons that respond to stimuli apparently in a spatial coordinate system, already identified in the parietal cortex (Galletti et al. 1993 , Duhamel et al. 1997 , might provide a solution. But whether these neurons are part of a spatiotopic map or whether such a map is needed has yet to be determined. There is also evidence of transient spatiotopic maps at the time of saccades (Burr & Morrone 2011 , Cicchini et al. 2013 ), but these presumably do not lead to maintained spatiotopic maps. Although the spatiotopic map is an intuitive solution to the problem of visual stability, experimental support for the hypothesis is limited.
While, at this point, the cited neuronal and psychophysical experiments would seem to be most consistent with a remapping hypothesis of visual stability, only continuing research will determine which, if any, of these competing hypotheses are correct.
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